ABSTRACT Background: Child stunting, wasting, and underweight have been individually associated with increased mortality. However, there has not been an analysis of the mortality risk associated with multiple anthropometric deficits. Objective: The objective was to quantify the association between combinations of stunting, wasting, and underweight and mortality among children ,5 y of age. Design: We analyzed data from 10 cohort studies or randomized trials in low-and middle-income countries in Africa, Asia, and Latin America with 53,767 participants and 1306 deaths. Height-for-age, weightfor-height, and weight-for-age were calculated by using the 2006 WHO growth standards, and children were classified into 7 mutually exclusive combinations: no deficits; stunted only; wasted only; underweight only; stunted and underweight but not wasted; wasted and underweight but not stunted; and stunted, wasted, and underweight (deficit defined as , 22 z scores). We calculated studyspecific mortality HRs using Cox proportional hazards models and used a random-effects model to pool HRs across studies. Results: The risk of all-cause mortality was elevated among children with 1, 2, and 3 anthropometric deficits. In comparison with children with no deficits, the mortality HRs were 3.4 (95% CI: 2.6, 4.3) among children who were stunted and underweight but not wasted; 4.7 (95% CI: 3.1, 7.1) in those who were wasted and underweight but not stunted; and 12.3 (95% CI: 7.7, 19.6) in those who were stunted, wasted, and underweight. Conclusion: Children with multiple deficits are at a heightened risk of mortality and may benefit most from nutrition and other child survival interventions.
INTRODUCTION
Restricted growth as a result of inadequate nutrition and infections, measured by using anthropometric status, is an important cause of morbidity and mortality in infants and children (1) (2) (3) (4) . Many studies have reported associations of stunting (low height-for-age), wasting (low weight-for-height), and underweight (low weight-for-age) with mortality (2, 4, 5) , and these anthropometric deficits are estimated to individually account for, respectively, 14.5%, 14.6%, and 19.6% of deaths and 12.6%, 14.8%, and 18.7% of disability adjusted life-years lost in children ,5 y of age (2) . However, estimates of the effects of individual anthropometric indicators overlook the fact that multiple deficits may occur simultaneously, especially because all deficits are associated with poverty, disease history, and poor dietary intake (6, 7) . The association between simultaneous multiple anthropometric deficits and the risk of mortality has not yet been analyzed in prospective studies, partly because it requires a large sample size that has not yet been available. Therefore, it is unclear how multiple anthropometric deficits amplify the risk of mortality and which combination is associated with the greatest risk. We quantified the association between multiple anthropometric deficits and all-cause mortality among children ,5 y of age using data from 10 large cohort studies and randomized trials in 10 lowand middle-income countries.
SUBJECTS AND METHODS

Study selection
We contacted the principal investigators of all studies that were included in the systematic review of child undernutrition and mortality in the 2004 WHO Comparative Quantification of Health Risks (8) and the 2008 Lancet Series on Maternal and Child Undernutrition (2) to request child-level data for this analysis. All studies were large prospective cohort studies or follow-ups of randomized trials of vitamin A supplementation that performed anthropometric measurements and assessed the vital status of young children during the follow-up period. We successfully obtained data from 9 of the 10 studies included in the WHO Comparative Quantification of Health Risks (9-11, 13-17) and 7 of the 8 studies included in the Lancet series (10, 11, (13) (14) (15) (16) (17) (7 studies were included in both prior reviews, including one study that we did not have access to). Thus, anonymized data from 10 studies in the following countries were included in this analysis: Bangladesh, Ghana, Guinea-Bissau, India, Indonesia, Nepal, Peru, the Philippines, Senegal, and Sudan (9) (10) (11) (12) (13) (14) (15) (16) (17) . A pooled analysis of anonymized data was assessed as exempt by Harvard School of Public Health's Institutional Review Board.
Eligibility, exposure definition, and follow-up Eligible participants were children who were $1 wk of age and had at least one recorded visit in which both weight and length or height were measured. Length/height-for-age, weight-for-length/ height, and weight-for-age z scores were calculated by using the 2006 WHO Child Growth Standards (18) . We truncated the extreme length/height values (ie, ,45 cm or .110 cm for children ,24 mo of age and ,65 or .120 cm for children between 24 and 59 mo of age) and set them to the limits of the plausible range to prevent undue influence of these extreme values on the results. Stunting, wasting, and underweight were defined by using a cutoff of 22 z scores. Children were classified into one of the following 7 exposure categories: 1) not stunted, wasted, or underweight; 2) stunted only; 3) wasted only; 4) underweight only; 5) stunted and underweight but not wasted; 6) wasted and underweight but not stunted; 7) stunted, wasted, and underweight. Children in the stunted only category would be short for their age, but have a normal weight for both their age and height. Children in the wasted only category have experienced normal linear growth and could actually be tall for their age, but are thin in relation to their height. This state likely results from recent nutritional inadequacy and/or weight loss. Children who are underweight only have a low weight in relation to their age, but are not short enough to pass the threshold for stunting or thin enough to pass the threshold for wasting. The stunted and underweight, but not wasted category likely reflects long-term nutritional deficits, whereas the wasted and underweight, but not stunted category is more representative of recent nutritional insufficiency. Six children (5.0 child-years with no events) were stunted and wasted but not underweight and were excluded from all analyses because of a small sample size. Weight and length/height were measured multiple times in all cohorts. Therefore, we used a person-time data structure and allowed each child to contribute more than one person-week. Each child's z score and related exposure category at the most recent measurement was carried forward until the next visit, death, or loss to follow-up. When multiple measurements of weight and length/height happened in the same week of age (which happened only in Guinea-Bissau), we used the average weight and length/height measurements for that week. We followed each eligible child until death, administrative end of follow-up in the child's particular cohort, or the 260th wk of life, whichever occurred first.
Statistical analyses
We used Cox proportional hazards models with child's age (in wk) as the time scale to estimate the HRs for all-cause mortality associated with each of the 6 exposure categories relative to those with no anthropometric deficit. We adjusted for child's sex and treatment (for randomized trials) and used the most recent values of exposure measured $1 wk and on average 12 wk before event times. Our use of the most recent anthropometric measurements is a better measure of the exposure of interest than is the measurement of baseline anthropometric measurements, because the latter were on average 32 wk before death, which arguably puts it outside the biologically relevant exposure window for the effect of undernutrition on mortality. Nonetheless, we did not use anthropometric measurements that were performed within 1 wk of death to reduce potential bias due to reverse causation (ie, recent anthropometric status may be influenced by recent illness leading to death). The HRs were first calculated in each cohort and then pooled in meta-analyses by using random-effects models (19) . We used a robust variance estimator to account for the within-child correlation of observations across time (20) .
We calculated the P value for the test of heterogeneity, the I 2 , and the between-study CV associated with each meta-analysis (21) . For exposure categories with significant heterogeneity between studies, as assessed by the test for heterogeneity, we used meta-regression to examine whether the following studylevel characteristics independently modified the effect: study location [Africa, Asia, or Latin America (Peru)], commencing year of recruitment (.1990 or #1990), prevalence of the exposure (. median value across studies, or # median value), and median duration of follow-up in the study (.52 or #52 wk). The analyses were conducted by using SAS version 9.3 (SAS Institute) and STATA version 12 (StataCorp).
RESULTS
Study population
The characteristics of the 10 studies included in this analysis are summarized in Table 1 . Five studies were from Asia, 4 were from Africa, and 1 was from Latin America. Dates of recruitment ranged from 1977 in Indonesia to 1997 in Ghana. There were 53,767 eligible children, and they contributed 54,448 child-years of follow-up during which 1306 deaths occurred. The size of each eligible cohort ranged from 1124 children in Guinea-Bissau to 22,844 children in Sudan. Mean follow-up time ranged from w35 wk in Ghana to 85 wk in the Philippines. Mean age at the beginning of follow-up ranged from 5 wk in Bangladesh to 2.8 y in Sudan. Mortality rates varied from 6.8 deaths/1000 child-years in Sudan to 97.4 deaths/ 1000 child-years in Bangladesh.
Anthropometric status at baseline
At the time of the first anthropometric assessment, just more than half of all children were neither stunted, wasted, nor underweight ( Table 2) . Two of every 5 children with an anthropometric deficit at baseline had only one deficit, with the majority being stunted. The frequency of 2 concurrent anthropometric deficits was slightly higher than 1 deficit alone: 21.4% of children were stunted and underweight, but not wasted, and 3.1% of children were wasted and underweight, but not stunted. Finally, 5.5% of children were stunted, wasted, and underweight at baseline.
Anthropometric deficits and risk of all-cause mortality
All 6 combinations of anthropometric deficits carried a significantly elevated risk of all-cause mortality in comparison with the no-deficit reference group (Table 3) . Furthermore, the risk of mortality increased with more deficits. However, the specific combination of anthropometric deficits influenced the association considerably. Compared with children with no deficits, the mortality HR was 1.5 (95% CI: 1.2, 1.8) in children who were only stunted, 2.3 (95% CI: 1.5, 3.6) in those who were only wasted, and 2.5 (95% CI: 1.6, 4.0) in children who were only underweight. When the risk of mortality was compared between children with 2 combined deficits, being wasted and underweight but not stunted appeared more hazardous (HR: 4.7; 95% CI: 3.1, 7.1) than being stunted and underweight but not wasted (HR: 3.4; 95% CI: 2.6, 4.3). Having all 3 deficits was associated with the greatest risk of mortality and was .12-fold that of children who had no anthropometric deficits. Heterogeneity among studies was larger when $2 deficits were considered (P values for the test of heterogeneity ranged from 0.3 to ,0.001 and I 2 from 51% to 86%).
In meta-analyses stratified by region, the HRs of stunted and underweight but not wasted and stunted, wasted, and underweight were higher in Asian studies (HRs: 4.1 and 18.6, respectively) than in African studies (HRs: 2.6 and 6.5, respectively) ( Table 4) .
Among studies with a median duration of follow-up of .1 y, the pooled HR for the wasted and underweight but not stunted category was 6.7 as opposed to 3.0 among studies with shorter follow-up periods (Table 4 ). Other subgroup comparisons did not show a significant difference across pooled estimates.
DISCUSSION
Infants and young children falter in their growth because of inadequate dietary intakes and recurrent infectious diseases, which reduce appetite, increase metabolic requirements, and increase nutrient loss (22, 23) . Those who suffer from growth restriction tend to become ill more frequently and to be more severely ill (8) , which leads to further faltering and to what has been long recognized as the vicious cycle between malnutrition and infection (24) . All of this occurs within the context of poverty, which leads to diminished access to health care, exposure to contaminated environments, poor child care practices, and food insecurity that ultimately affects patterns of intake and illness. Traditionally, stunting is considered a marker of chronic undernutrition and wasting of acute undernutrition, although some children may be persistently wasted. Underweight is commonly thought to capture both short-and long-term nutritional inadequacies, thus reflecting an undefined mixture of wasting and stunting. The effects of restricted growth on the risk of mortality have been known for decades and quantified separately for these individual anthropometric indicators. Many children, however, have multiple anthropometric deficits, which likely suggests an early environment characterized by harsh deprivation.
Here we provide evidence that simultaneous deficits confer unique risks of mortality among young children in developing countries. We pooled data from 10 prospective studies to investigate the association between different combinations of stunting, wasting, and/or underweight and the risk of all-cause mortality. We identified a significantly elevated risk of mortality among children with 1, 2, and 3 anthropometric deficits in comparison with children who did not have any deficits, with a dose-response association in relation to the number of deficits. Children with 3 combined deficits had a 12-fold elevated risk of mortality. Furthermore, children who were only underweight had almost the same mortality hazard as those who were only wasted or only stunted. Stunting and wasting can co-occur, and there may be children who are either stunted or wasted without reaching the threshold for underweight (6, 25) . A nutritional deficit in infancy or early childhood could impair growth, but recent dietary adequacy supporting normal weight gain could cause a child to be stunted only; this is also the basis of the interest in nutrition in the first 1000 d of life and how the resulting stunting may lead to adverse long-term health and development outcomes (26) . On the other hand, good nutrition early in life could have supported healthy linear growth, but recent dietary insufficiency or illness that limits weight gain could cause a child to be wasted only. In the current analysis, 20% of the total study population was either stunted or 1 The values were obtained from Cox proportional hazards models that used age in weeks as the time scale and controlled for sex and treatment regimen (in randomized trials). The numbers in parentheses are the number of deaths in each anthropometric category in the pooled analyses.
2 There were no events in the exposure category for the particular study, so it was not possible to estimate an HR. 3 Obtained from a meta-analysis that specified a random-effects model by using the DerSimonian and Laird method. 4 Test for heterogeneity. 5 CV B , between-study CV. 1 The numbers in parentheses are the number of deaths in each anthropometric category. 2 The following additional effect modifiers were evaluated but were not a significant source of heterogeneity for any of the exposure levels: commencing year of subject recruitment (.1990 , #1990) and prevalence of the exposure (.median, #median).
3 Pooled values were obtained from a meta-analysis that specified a random-effects model by using the DerSimonian and Laird method and were stratified by the specified effect modifier. 4 Refers to the test for effect modification in the meta-regression model. 5 Includes the studies from Ghana, Guinea Bissau, Senegal, and Sudan. 6 Includes the studies from Bangladesh, India, Indonesia, Nepal, and the Philippines. 7 There were zero events in the exposure category for the particular study, so it was not possible to estimate an HR. 8 Studies with a median follow-up time .52 wk include Guinea Bissau, Nepal, Philippines, and Sudan; studies with a median follow-up time of #52 wk include Bangladesh, Ghana, India, Peru, and Senegal.
wasted but did not pass the threshold for being underweight. A few cross-sectional studies recently assessed the prevalence of multiple anthropometric deficits and their association with poverty (7, (27) (28) (29) ; however, none of these studies examined the mortality risk associated with multiple deficits. The only assessment of morbidity was based on self-reported cases of diarrhea and respiratory infection before anthropometric measurement, and it is possible that this association may have resulted from reverse causation, ie, restricted growth could be due to previous infection. Our study, therefore, fills a major gap by estimating the mortality risk associated with combined anthropometric deficits in prospective cohorts.
Our study had many strengths and limitations. It was the first analysis of multiple anthropometric deficits in relation to mortality. We also used data from several cohorts in different regions, which increased the precision and generalizability of the findings. We were able to examine sources of heterogeneity between studies and identified effect modification by some baseline characteristics. We used the most recent anthropometric measurements as opposed to baseline values to capture the more relevant anthropometric measurements. Unfortunately, we were not able to evaluate cause-specific mortality because of insufficient statistical power. To the extent allowable by sample size, mortality from diarrhea and lower respiratory infections showed associations that had relatively similar magnitudes and ordering of the combinations of deficits (detailed results available by request from authors). Given the limited and inconsistent definitions and measurements of other covariates in these cohorts, we have presented the results of minimally adjusted regression models, which leaves room for possible confounding by socioeconomic characteristics and morbidity. Black et al (2) dealt with this constraint by attenuating the ORs of mortality by 15%, based on the average effect of confounders from 2 studies in Nepal and Honduras (one of which is also included in this analysis); therefore, it is reasonable to assume that the influence of uncontrolled confounding may be similar here. Finally, our analysis did not differentiate the effects of moderate and severe forms of anthropometric deficits and used a reference category of $ 22 z scores rather than the more common $ 21 z score. Because many children will have z scores between 21 and 22 and will have an increased risk of dying of w2-fold (2), our results with respect to moderate and severe malnutrition are conservative.
A relatively large body of evidence delineates the etiology of wasting, stunting, and underweight (8), yet whether there are unique determinants of multiple simultaneous deficits is not known. Inadequacies of dietary intake lead to growth faltering, which impairs immune status and increases the risk of disease; they can also lead to deficiencies of zinc and vitamin A, which negatively affect immune function and increase the risk of mortality. Zinc deficiency may itself lead to growth faltering. Small size at birth is increasingly recognized as a determinant of early growth faltering (26) , and a body of evidence suggests that the timing and etiology of specific infections (eg, diarrhea) may dramatically alter the trajectory of subsequent growth (30, 31) , potentially by adversely affecting gut function (31, 32) . Further research is needed to determine whether there are unique early life experiences that affect the likelihood of specific simultaneous deficits in growth. Such research may provide new insights for programs and policies to prevent malnutrition in multiple forms. Current programs of malnutrition management often consider anthropometric indicators separately, preventing the explicit identification of interventions targeting the subgroup of children with multiple anthropometric deficits who are at greatest risk. Our findings also reinforce the need to consider multiple anthropometric indicators simultaneously in screening, referral, treatment, and discharge procedures in both communityand facility-based programs.
